Purpose SPECT/CT is a hybrid imaging modality, which combines a 3D scintigraphy (SPECT) and a conventional computerised tomography (CT). SPECT/CT allows accurate anatomical localisation of metabolic tracer activity. It allows the correlation of surgical factors such as tunnel position and orientation with mechanical alignment, clinical outcome and biological factors. The purpose of this study was to investigate whether the SPECT/CT tracer uptake (intensity and distribution) correlates with the stability and laxity of the knee joint and the position and orientation of the tibial and femoral tunnels in patients after anterior cruciate ligament (ACL) reconstruction. Methods A consecutive series of knees (n066), with symptoms of pain and/or instability after ACL reconstruction were prospectively evaluated using clinical examination and 99mTc-HDP-SPECT/CT. Clinical laxity testing was performed using the Rolimeter (Ormed, Freiburg, Germany) including Lachman testing (0-2 mm, 3-5 mm, 6-10 mm, >10 mm), anterior drawer test (0-2 mm, 3-5 mm, 6-10 mm, >10 mm), pivot shift test (positive versus negative) and patientbased subjective instability (yes versus no).
mm), anterior drawer test (0-2 mm, 3-5 mm, 6-10 mm, >10 mm), pivot shift test (positive versus negative) and patientbased subjective instability (yes versus no).
For analysis of SPECT/CT tracer uptake a previously validated SPECT/CT localisation scheme consisting of 17 tibial, nine femoral and four patellar regions on standardised axial, coronal, and sagittal slices was used. The tracer activity on SPECT/CT was localised and recorded using a 3D volumetric and quantitative analysis software.
Mean, standard deviation, minimum and maximum of grading for each area of the localisation scheme were recorded. The position and orientation of the tibial and femoral tunnel was assessed using a previously published method on 3D-CT. Results Correlation of instability, pivot shift as well as clinical laxity testing with 99mTc-HDP-SPECT/CT tracer uptake intensity and distribution showed no significant correlation. 99mTc-HDP-SPECT/CT tracer uptake correlated significantly with the position and orientation of the ACL graft. A more horizontal femoral graft position showed significantly increased tracer uptake within the superior and posterior femoral regions. A more posteriorly-placed femoral insertion site showed significantly more tracer uptake within the femoral and tibial tunnel regions. A more vertical or a less medial tibial tunnel orientation showed significant increased uptake within the tibial and femoral tunnel regions. A more anterior tibial tunnel position showed significantly more tracer uptake in the femoral and tibial tunnel regions as well as the entire tibiofemoral joint. Conclusions SPECT/CT tracer uptake intensity and distribution showed a significant correlation with the femoral and tibial tunnel position and orientation in patients with symptomatic knees after ACL reconstruction. No correlation was found with stability or clinical laxity.
Introduction
For a variety of reasons a considerable number of patients are not satisfied or experience pain after anterior cruciate ligament (ACL) reconstruction [1] [2] [3] [4] [5] . Typical reasons include failure of the ACL graft, failure of graft fixation, chronic synovitis due to biodegradable fixation material and missed concomitant injuries [3] [4] [5] [6] .
Numerous authors have highlighted the clinical value of 3D-CT for the assessment of tunnel position after ACL reconstruction [7] [8] [9] [10] [11] [12] . Thus, 3D reconstructed CT images are increasingly used to investigate the femoral and tibial tunnel position after ACL reconstruction [7-9, 11, 12] .
SPECT/CT is a hybrid imaging modality, which combines a 3D scintigraphy (SPECT) and a conventional computerised tomography (CT) [13] . SPECT/CT allows accurate anatomical localisation of metabolic tracer activity [9] . Recently, we have introduced a novel diagnostic SPECT/CT algorithm for the challenging group of patients with problems after ACL reconstruction [6, 9, 14, 15] . This standardised algorithm including grading and anatomical localization of SPECT/CT tracer uptake promises the identification of specific pathological tracer uptake patterns and distributions [9] . It now allows the correlation of surgical factors such as tunnel position and orientation with mechanical alignment, clinical outcome and biological factors [9, 16] . It also promises the critical assessment of the osseointegration of the bonegraft-fixation complex.
The intensity and distribution of 99mTc-HDP-SPECT/ CT tracer, which as diphosphonate is targeted towards osteoblastic activity, is influenced by mechanical or anatomical alignment, vascular supply, infection, osteoblastic activity or currently unknown other factors [9, 13, 14, [16] [17] [18] [19] . In patients after ACL reconstruction it could be hypothesized if the position and orientation of the bone tunnels and the stability and/or laxity of the knee joint are decisive factors.
The purpose of this study was to investigate whether the SPECT/CT tracer uptake (intensity and distribution) correlates with the stability and laxity of the knee joint and the position and orientation of the tibial and femoral tunnels in patients after ACL reconstruction.
Material and methods
A consecutive series of knees (n066, mean age±SD 28±11 years, m:f044:22), with symptoms of pain and/or instability after ACL reconstruction were prospectively collected and evaluated. The study was approved by the local ethical committee. The mean±standard deviation (SD) time from surgery was 7±6 years.
The following grafts were used in the previous ACL reconstruction: semitendinosus and/or gracilis tendon (n 025), patellar tendon (n 035), quadriceps tendon (n05), and iliotibial tract (n01).
For femoral fixation of the graft a post screw was used in 21 patients, an interference screw in 17 patients, press-fit technique in six patients, endo-button type fixation in 12 patients and others in ten knees. For tibial fixation of the graft a post screw was used in 36 patients, an interference screw in 24 patients, a tibial button in three patients and a staple fixation in three patients.
A detailed clinical examination was performed by an experienced senior orthopaedic surgeon specialised in reconstructive knee surgery. Conventional weightbearing radiographs (anterior-posterior, lateral, patellar skyline view) were performed in each case. In addition, all patients received a commercial 700 MBq, Tc-99m HDP injection (Malinckrodt, Wallerau, Switzerland). 99mTc-HDP-SPECT/ CT was performed using a Symbia T16 (Siemens, Erlangen, Germany), which is a system that consists of a pair of low energy, high-resolution collimators, a dual-head gamma camera and an integrated 16-slice CT scanner (collimation of 16x0.75-mm). CT scans of the femoral head (3-mm slices), the knee (0.75-mm slices) and the ankle (3-mm slices) were performed according to the Imperial Knee Protocol [20] .
SPECT/CT was performed in the delayed phase three to four hours after tracer injection (matrix size 128 x 128, angle step 32, and time per frame 25 s). Demographic data of all patients were noted including gender, age, date of initial ACL reconstruction, time between surgery and SPECT/CT, type of ACL reconstruction, graft type and tibial and femoral fixation technique.
Clinical stability testing was performed using the Rolimeter (Ormed, Freiburg, Germany) including Lachman testing (0-2 mm, 3-5 mm, 6-10 mm, >10 mm), anterior drawer test (0-2 mm, 3-5 mm, 6-10 mm, >10 mm), pivot shift test (positive versus negative) and patient-based subjective instability (yes versus no).
The tracer activity on SPECT/CT was analysed using a specialised software allowing 3D volumetric quantitative analysis of SPECT data as previously published [21] . A previously published localisation scheme for anatomical localisation of the SPECT/CT tracer activity was used ( Fig. 1) . Mean, standard deviation, minimum and maximum of maximum tracer activity grading for each area of the localisation scheme were recorded. For analysis the tracer activity was standardised in relation to the tracer uptake in the mid shaft of the femur. The intra-and Fig. 1 The previously validated localisation scheme for the Tc-99m HDP tracer activity in patients after ACL reconstruction (1 0 lateral, 2 0 medial, 3 0 central). F femur, T tibia, P patella, a anterior, p posterior, i inferior, s superior inter-observer reliability of the localisation scheme and grading of the tracer activity were excellent to good [9] .
The position and orientation of the tibial and femoral tunnel was assessed using a previously published method on 3D-CT [9] . Orientation of tibial and femoral tunnels were assessed in relation to the anatomical knee axis. The femoral tunnel entry position was determined in mm distance on 3D-CT in relation to the Blumensaat's line (anterior-posterior and high-low; Fig. 2 ). The tibial tunnel position was determined in mm distance on 3D-CT in relation to the anteriorposterior tibial plateau length and distance to the medial tibial spine (Fig. 2) . The tibial and femoral tunnel length was measured.
Statistical analysis
Data were analysed using SPSS 17.0 (SPSS, Chicago, USA). Beneath descriptive statistics, Pearson's correlation of SPECT/CT tracer uptake (intensity and distribution) with the stability and laxity of the knee joint as well as the femoral and tibial tunnel position was performed (p<0.05).
Results
Lachman and anterior drawer testing of the patients are presented in Table 1 . The pivot shift was positive in 29/66 patients and negative in 35/66 patients. Twenty-nine of 66 patients reported subjective instability. In two patients these values were missing. The standardised maximum intensity of 99mTc-HDP-SPECT/CT tracer uptake in each anatomical knee region (mean, standard deviation, minimum, maximum) is shown in Table 2 .
Correlation of instability, pivot shift and clinical laxity testing with 99mTc-HDP-SPECT/CT tracer uptake intensity and distribution showed no significant association of both (Table 3) .
The position and orientation of the tibial and femoral tunnel in relation to the anatomical knee axis is presented in Table 4 . Correlation of 99mTc-HDP-SPECT/CT tracer uptake and position and orientation of the ACL graft and tunnel length is shown in Tables 5 and 6 . A more horizontal femoral graft position showed significantly increased tracer uptake within the superior and posterior femoral regions. A more posteriorly placed femoral insertion site showed significantly more tracer uptake within the femoral and tibial tunnel regions.
A more vertical or a less medial tibial tunnel orientation showed significantly increased uptake within the tibial and femoral tunnel regions. A more anterior tibial tunnel position showed significantly more tracer uptake in the femoral and tibial tunnel regions as well as the entire tibiofemoral joint.
Discussion
SPECT/CT is a new and interesting imaging modality which offers the combined assessment of anatomical 3D-CT assessment of the tunnel placement and orientation of the graft with information on joint biology. In particular, information on the loading history of the joint can be obtained [21] . However, it is currently unclear whether SPECT/CT tracer uptake shows a significant correlation with stability and/or laxity of the knee joint or the position of the femoral or tibial tunnels. The findings of our study will facilitate analysis of SPECT/CT imaging in patients after ACL reconstruction. Only when the influence of mechanical axis, tunnel position, biological factors such as bone remodelling and laxity and stability of the knee joint on SPECT/CT tracer uptake are identified, will the intensity and distribution of SPECT/ CT tracer uptake be understood. This is the first study investigating the potential value of SPECT/CT in assessment of in-vivo loading history of the knee joint after ACL reconstruction.
The most important findings and implications of this study are threefold.
First, this is the first study investigating the relationship of stability or clinical laxity in combination with the intensity and distribution of SPECT tracer uptake. Interestingly, it seems that the stability or laxity of the knee joint is not a contributing factor to the increased SPECT tracer uptake in the group investigated. It has to be further studied to determine whether these findings could also be confirmed in patients with normal ACL function (natural history group). In addition, the time from surgery might have a significant impact on tracer uptake. In a previous study we have shown that a non-ideal mechanical axis such as varus or valgus aligned knee leads to increased SPECT tracer uptake in the stressed compartment [16] . However, the altered tracer uptake in patients with leg deformity is caused by mechanical stress, which is not the case in these patients after ACL reconstruction. An increased anterior translation or instability leads to increased anterior shear forces and not inevitably higher joint loading forces. Furthermore, it could be that only if instability or increased anterior laxity persists over a longer time that it leads to detectable changes of SPECT tracer uptake.
Second, SPECT/CT tracer uptake intensity and distribution showed significant correlation with the femoral and tibial tunnel position and orientation in patients with problems after ACL reconstruction.
Although controversy exists regarding the effect of graft position and orientation on knee stability after ACL reconstruction it is well accepted that a lower femoral tunnel position in ACL reconstruction leads to a more stable knee in rotation and anterior tibial translation when compared to a high femoral graft placement [22] . Consequently, higher forces within the ACL graft were reported [22] . These higher forces could explain why we found that a more horizontal femoral graft position showed significantly increased tracer uptake within the superior and posterior femoral regions. In particular, the area around the articular femoral tunnel entry and exit showed increased tracer uptake, which is in line with the findings of others describing high stress at these insertions points [23] . Smolinski et al. used a finite element model developed from a CT scan of a cadaveric knee to compute the stress change in the distal femur caused by graft tunnels in ACL reconstruction [23] . In this study the position and the geometry of the ACL graft tunnel exits were varied and the change in stress on the distal femur was computed [23] . They found that the highest stress was found at the tunnel exits [23] . The position of the tunnel exit significantly influenced the stress in the distal femur, which they explained by increased condylar loads [23] . Stress decreased when the distance from the tunnel exits to the condyle decreased [23] . These findings were consistent with ours.
In addition to the results of Smolinski et al. we also investigated the tibiofemoral joint as well as the tibia. A more anterior or more vertical tibial tunnel position showed significantly more tracer uptake in the femoral and tibial tunnel regions as well as in the entire tibiofemoral joint. The causes of this are not yet fully determined, but it seems most likely to be related to altered bone remodelling processes. Another reason could be that due to anterior tunnel placement there is an increase in forces within the ACL graft [24] .
Limitations
The following limitations have to be considered when interpreting the study results. Table 4 Position and orientation of the tibial and femoral tunnel in relation to the anatomical knee axis assessed using a previously published method on 3D-CT [9] . The femoral tunnel entry position was determined in mm distance on 3D-CT in relation to the Blumensaat's line (anterior-posterior and highlow). The tibial tunnel position was determined in mm distance on 3D-CT in relation to the anterior-posterior tibial plateau length and distance to the centre point between medial and lateral tibial spine. The tibial and femoral tunnel lengths were measured First, the patients investigated in our study were all patients with symptoms after ACL reconstruction. It could be speculated that the same findings might be found in patients without any problems after ACL reconstruction. In patients with problems after ACL reconstruction the SPECT/CT tracer uptake could be influenced by a variety of factors such as a malposition of the graft, which does not inevitably lead to an altered laxity, but a changed joint kinematics and loading. However, in clinical practice SPECT/CT imaging would be used in patients with problems after ACL reconstruction and that is why we chose this study cohort.
Second, the patients investigated here did undergo ACL reconstruction using a variety of different grafts and graft fixation techniques. It is possible that the difference here influences the correlation of stability and laxity and SPECT/ CT tracer uptake. Further studies should investigate a more homogenous patient cohorts.
Conclusion
SPECT/CT tracer uptake intensity and distribution showed a significant correlation with the femoral and tibial tunnel position and orientation in patients with relevant symptoms after ACL reconstruction. No correlation was found with stability or clinical laxity. SPECT/CT tracer uptake distribution has the potential to provide important information on joint homeostasis and remodelling after ACL reconstruction. It might help to predict ACL graft failure and improve Significant correlations in bold, *p<0.05, **p<0.001 Significant correlations in bold, *p<0.05, **p<0.001 our surgical ACL reconstruction technique in finding the optimal tunnel and graft position and orientation.
